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Abstract: We propose and experimentally demonstrate a fiber-wireless transmission
system for optimized delivery of 60-GHz radio frequency (RF) signals through picocell
mobile backhaul connections. We identify advantages of 60-GHz links for utilization in
short-range mobile backhaul through feasibility analysis and comparison with an alternative
E-band (60–90 GHz) technology. The 60-GHz fiber-wireless-fiber setup is then introduced:
two spans of up to 20 km of optical fiber are deployed and bridged by up to 4 m of wireless
distance. The 60-GHz radio-over-fiber technology is utilized in the first span of fiber
transmission. The system is simplified and tailored for delivery of on-off keying data signals
by employing a single module for lightwave generation and modulation combined with a
simplified RF downconversion technique by envelope detection. Data signals of 1.25 Gb/s
are transmitted, and a bit-error-rate performance below the 7% overhead forward-error-
correction limit is achieved for a range of potential fiber deployment scenarios. A spurious
free dynamic range of 73 dB-Hz2=3 is attained for a frequency-doubling photonic RF upcon-
version technique. The power budget margin that is required to extend the wireless
transmission distance from 4 m to a few hundred meters has been taken into account in the
setup design, and the techniques to extend the wireless distance are analyzed.
Index Terms: Microwave photonics, radio over fiber, optical communications.
1. Introduction
Mobile traffic is predicted to grow at a fast pace with video and data communication playing a larger
role than voice communication and boosting the capacity requirements [1], [2]. There is a strong
demand for larger capacity short range backhaul links supporting picocell connections in dense urban
areas [3]. In metropolitan small cell wireless backhaul for picocell wireless networks, the maximum
capacity provision is essential, and the cell site spacing is limited to less than 1 km distance [3].
The 60 GHz wireless technology has been already widely adopted by industry for applications
such as wireless Gigabit Ethernet bridges reaching distances up to 1 km [4]–[6] and high-definition
multimedia interface (HDMI) cable replacement [7]. There is an ongoing research and industrial
development in application of the 60 GHz technology for the wireless personal area networking
(WPAN) [8], data center interconnects [9]–[11] and mobile backhaul links [12], [13].
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Telecommunication services such as broadband compressed and uncompressed high-definition
(HD) video transmission in the 60 GHz electrical only [14]–[16] and combined 60 GHz fiber-wireless
setups [17]–[22] have been recently reported. Advantages of the 60 GHz links for bandwidth-
demanding applications include unlicensed operation in up to 9 GHz of spectrum depending on the
national wireless spectrum regulations, availability of narrow-beam compact antennas, and a high
level of frequency reuse [23].
Recent industrial reports indicate the rapid progress in the 60 GHz electrical signal generation and
component miniaturization [7], [8], [24]. As a result of these developments, there appears also a
growing need to transport the RF signals across the optical fiber infrastructure. Photonic RF
generation techniques are complementary to electronic techniques and are deployed for low-loss,
low electromagnetic interference interconnection of wireless base stations (BS) to the central office
(CO) over preexisting fiber infrastructure [25]. The recent development of highly linear high power
photoreceivers [26] combining advancements in optoelectronics and mm-wave electronics further
strengthens the potential for commercial deployment of 60 GHz fiber-wireless links.
For mm-wave radio transmission, the simplicity and low cost of BS is advantageous as utilization
of the mm-wave bands would require a large number of BSs within a small geographical area. In
order to simplify the BSs in a network with a fiber connection between the CO and the BS, a radio
over fiber (RoF) technology was proposed. In RoF, the BSs are simplified to perform the functions of
optical-to-electrical (O/E) conversion, RF amplification and filtering, while expensive mm-wave radio
frequency (RF) generation and mixing are avoided at the BSs [27]–[32]. Generation of RoF signals
can be performed with diverse optical components [33]–[36] and can be designed transparent to
advanced modulation formats [37].
In this paper, we study the application of the 60 GHz wireless technology for providing Gigabit
picocell wireless backhaul links fully integrated in a metro/access fiber network. State-of-the-art
research on the fiber-wireless mobile backhaul links includes studies on microwave and E-band
(60–90 GHz) technologies [38], [39]. In this work, we argue that the deployment of the 60 GHz links
for fiber-supported picocell wireless backhaul is beneficial in terms of the link budget, the installation
time and the capacity availability for the unlicensed use.
We propose a simplified system in which integrated distributed feedback laser and electro-
absorption modulator (DFB-EAM) modules are used for the lightwave generation and data modu-
lation in both RoF and baseband fiber links. It is important to consider the low-cost broad linewidth
optical signal generation with a DFB laser in order to tailor the system for simplified on-off keying
(OOK) modulation/envelope detection systems suitable for wireless Gigabit backhaul transmission.
A broader linewidth of the laser is also reported to increase the threshold for the stimulated Brillouin
scattering (SBS) effect [40].
Bit error rate (BER) performance below the 7% overhead forward error correction (FEC) limit for
1.25 Gbps data signal is reported for transmission through a standard single mode fiber (SSMF) link
of 20 km, 4 m of wireless distance, and a second span of 20 km SSMF. Given that the wireless
distance performance is only tested for up to 4 m because of laboratory space limitations, we
propose and analyze methods for further wireless distance extension. In this paper, we significantly
extend our work presented in [41] through the report on spurious free dynamic range (SFDR), the
feasibility study, updated and extended state-of-the-art in the field and the revised conclusions.
This paper is organized as follows: In Section 2, network architecture of the proposed 60 GHz
mobile backhaul system is presented. In Section 3, the feasibility of deployment of 60 GHz links for
picocell mobile backhaul connections is analyzed in comparison to the E-band technology. In
Section 4, the experimental setup for validation of the proposed architecture is presented. Mea-
surements of the dynamic range of the RoF system in terms of nonlinearities are presented in
Section 5. The experimental data are analyzed and the results are discussed in Section 6. Finally,
we conclude the paper in Section 7.
2. Network Architecture and Potential Application Scenarios
In densely populated metropolitan areas, deployment of new mobile backhaul connections on a
wire becomes prohibitive due to increased installation time and decreased economical feasibility
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[42]. Contrary to wired solutions, point-to-point mm-wave links can be installed quickly with wireless
access points mounted on roofs, walls, or telecommunication poles. As shown in Fig. 1, BS1BS2
link represents the urban mobile backhaul connection. Fiber interface to the BS1 and the BS2
provides connection to the CO and the suburban BS3, respectively. BS1, BS2, and BS4 are sup-
porting multiple urban picocells, and BS3 is supporting the suburban picocells. By adding a fiber
connection from BS2 to BS3, a hybrid solution for metropolitan/suburban backhaul of picocell net-
works is provided.
We employ optical fiber for the RF signal delivery from the CO to the BS1. The data are then
transmitted wirelessly to the BS2 on the 60 GHz RF carrier. Outside of the central urban area,
backhauling is then performed using preexisting optical fiber infrastructure (BS2BS3 connection).
The signal arrives to the BS3 in a baseband format where it can be subsequently upconverted for
BS-access point communication.
It is also important to point out that the fiber infrastructure is expected to be shared between
baseband digital systems providing broadband fiber-to-the-home (FTTH) services simultaneously
with backhaul traffic delivery. This architecture can also be extended to fit the RF generation and
delivery in wavelength division multiplexing (WDM) systems [43], [44], enabling simultaneous
delivery of the 60 GHz RF carrier in CO-BS1BS2 and CO-BS1BS4 directions.
3. Feasibility Modeling of Wireless Mobile Backhaul Links Transmission
in the 60 GHz Band
In this section, we perform a large-scale mm-wave channel modeling in which V (50–75 GHz) and
E (60–90 GHz) band line-of-sight (LOS) outdoors RF transmission systems are compared. We
argue that the use of the 60 GHz technology is advantageous for the point-to-point picocell mobile
backhaul deployment on distances up to a few hundred meters.
Attenuation of the RF signals during air transmission for the LOS outdoors case consists of two
major components: the free space path loss and the loss due to atmospheric absorption onmolecules
of oxygen and water vapor. We place the center frequencies in V- and E-band at the centers of
Fig. 1. Network scenario for the 60 GHz urban picocell mobile backhaul link fully supported with a
diverse fiber infrastructure. CO: central office, BS: base station, FTTH: fiber to the home. BS1 and BS2
operate on the 60 GHz frequency, BS3 is suggested to operate in the lower frequency licensed
bandwidth.
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spectrum windows available for unlicensed and Flight licensing_ deployment (60 GHz, 73.5 GHz, and
83.5 GHz).
The free space path loss is calculated using the Friis transmission equation. By including the
attenuation of the signal related to atmospheric absorption, we arrive to the Eq. (1) for calculation of
the path loss for air transmission:
 ¼ 20 log10 4R

 
þ Lgas Gtx Grx ; (1)
where R (m) is a transmission distance,  (m) is a wavelength of the signal, Lgas (dB) is the
atmospheric absorption related attenuation, Gtx and Grx are gain of transmitting and receiving
antennas respectively (we set these to 25 dBi each). Gaseous attenuation including both water
vapor and oxygen-related absorption peaks at the 60 GHz frequency reaching the value of
approximately 15 dB/km due to the absorption peak on oxygen molecules, however across E-band
combined attenuation on molecules of oxygen and water vapor is measured to be about 0.4 dB/km
[45]. In order to compare the performance of V- and E-band systems for wireless distances suitable
for dense metropolitan backhaul of picocell networks, we plot the results of numerical calculation for
the combined signal attenuation in Fig. 2 (left).
From Fig. 2 (left), it can be seen that the 60 GHz transmission link shows a lower path loss in a
range of about 200 m compared to the E-band solution centered at 83.5 GHz and at about
130 meters for 73.5 GHz centered E-band link, the attenuation penalty does not exceed 3 dB in the
links up to 300m. Thus, the 60 GHz links can achieve performance superior/close to the E-band links
in the range up to a few hundred meters in terms of added contributions from the free space path loss
and atmospheric absorption on the molecules of oxygen and water vapor.
In Fig. 2 (right) the 60 GHz path loss for indoor wireless distances is presented. We have first
experimentally measured the RF attenuation in a near-field area where the standard Friis
transmission equation does not apply. The Fraunhofer distance defining the border between near-
and far-field propagation is calculated according to:
df ¼ 2D
2

; (2)
where D is the largest dimension of an antenna, in our case it is equal to 0.039 m, and  is a
wavelength of the radio signal. The results show a close match around the Fraunhofer distance
between experimentally measured values of attenuation in the near field and values calculated
according to Eq. (1) in the far field.
Using the Eq. (1), we obtain that, in order to extend the wireless distance from 4 m to 300 m,
42 dB improvement in the electrical link budget is required. It is therefore critical that we design
the laboratory setup capable to accommodate this requirement.
Fig. 2. The combined free space path loss and atmospheric absorption as a function of wireless
transmission distance for E- and V-band outdoors links (left) and indoor V-band links (right).
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Another important performance criterion for wireless communication is stability of the link under
the weather influence. In this paper, we analyze the influence of rain on transmission performance.
An estimate of the rain attenuation is given by:
R ¼ kR; (3)
where R (dB/km) is the specific rain-related attenuation, and R (mm/hour) is the rain rate parameter
differentiating the intensity of a rainfall. The coefficients k and  are frequency dependent and may
be either determined by curve-fitting equations or through a set of specified values given in
Recommendation P.838-2 [46]. Rain types are separated as a Fdrizzle: 0.25 mm/hour_, a Flight rain:
2.5 mm/hour_, a Fheavy rain: 25 mm/hour_, and a Ftropical rain: 100 mm/hour_ [3]. Fig. 3 (left)
presents the simulation results based on the recommendation.
60 GHz links have slightly lower rainfall attenuation values compared to E-band links as depicted
in Fig. 3 (left). In Fig. 3 (right) we display the effect that the Fheavy_ and the Ftropical_ rain will have on
the operation of the 60 GHz link in terms of shortening the transmission distance for a given signal-to-
noise ratio (SNR) required at the receiver. We define the limit on the path loss by the closeness of the
60 GHz RF signal power to the noise floor defined by the Johnson noise. The path loss margin 
available for a given requirement on the SNR (we set SNR of 18 dB which for envelope-detected
signals yields BER less than 1012), given bandwidth of the signal ðB ¼ 2:5 GHzÞ, given RF power
before the antenna ðPtx ¼ 10 dBmÞ is then equal to:
 ¼ Ptx  10log10ð1000 ktÞ  10log10ðBÞ  SNR; (4)
where k is a Boltzmann’s constant, and t (K) is a room temperature. We have calculated  to be
equal to 72 dB for our bitrate. The values of path loss are then calculated as a sum of (1) and (3) for
antenna gain of 25 dBi. As we see in Fig. 3 (right), the influence of weather conditions shortens the
reliable wireless link length, however, in order to combat this, FEC techniques are typically used
[4], [6]. It is also clear from Fig. 3 (right) that the reliable link length can be extended by increasing
the power at the transmitter or increasing the antenna gain.
Given the modeling results, it is clear that the 60 GHz links are a good solution for the picocell
backhaul transmission systems on a distance up to a few hundred meters in terms of combined
effects of the free space path loss, the atmospheric absorption and the possible rain attenuation.
There are few additional aspects that have to be considered before making a choice between V- or
E-band links for deployment in picocell mobile backhaul. First, V-band links provide unlicensed
operation, when E-band transmission requires light licensing which may incur additional delays in
the link installation time. Second, the current market costs of the equipment based on the V-band
technology are lower than that of the E-band links [4]. Last, with a quick reduction of power level
when the signal is following other than the LOS path, superior multipath interference immunity and
high frequency reuse are enabled for 60 GHz systems.
Fig. 3. Rainfall attenuation as a function of frequency (left) and combined path loss and rainfall
attenuation for 60 GHz RF propagation versus required SNR level (right) as a function of wireless
distance.
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We believe that the feasibility study presented in this section supports the relevance of studying
the 60 GHz links for picocell mobile backhaul. In the next sections, a simplified 60 GHz fiber-
wireless-fiber setup is built, and its performance is characterized experimentally.
4. Experimental Setup Description
The schematics of the experimental setup of the 60 GHz fiber-wireless picocell mobile backhaul link
including two spans of fiber and a single 60 GHz wireless link in between is presented in Fig. 4. Four
subsystems are emulated: a CO transmitter and three BSs ðBS1BS3Þ. RoF generation and data
modulation are located at the CO; BS1 performs the O/E conversion and amplifies the 60 GHz RF
signal before the radiation, BS2 performs the RF downconversion and remodulation onto the
lightwave. BS3 recovers the original baseband data by O/E conversion.
A DFB-EAM module was used to produce a lightwave at a wavelength  ¼ 1550 nm with 4 dBm
of optical power. A 1.25 Gbps nonreturn to zero (NRZ) pseudorandom binary sequence (PRBS)
with a word length of 215  1 generated by a pulse pattern generator (PPG) was directly modulated
onto the lightwave at the DFB-EAM1. The use of the DFB-EAM for lightwave generation and data
modulation relaxes requirements for a peak-to-peak voltage of the electrical signal driving the
modulator and simplifies the overall system installation. Chirp effects common to EAM technology
were controlled through application of an optimal voltage.
RF modulation of the lightwave was performed using a single-drive Mach-Zehnder modulator
(MZM). A polarization controller (PC) was placed before the MZM in order to minimize the
polarization-dependent loss. The MZM was biased at a minimum transmission point and driven by a
high-power sinusoidal local oscillator (LO) RF ðþ18 dBm; fLO ¼ 29:5 GHzÞ, resulting in a
suppression of the original optical carrier and increase of optical power in upper and lower
sidebands separated by twice the original RF frequency 2fLO . This technique for generation of RoF
signals is known as an optical carrier suppression (OCS) technique [47]. By using the OCS method,
the requirements for high frequency RF components at the CO are alleviated, and high quality phase
noise performance is obtained due to the fact that upper and lower sidebands are produced by the
same laser. The optical spectrum of the generated double-sideband with a suppressed carrier
(DSB-SC) signal is presented in Fig. 5 (left). A suppression of the optical carrier relative to the RF-
produced sidebands of approximately 20 dB was achieved constrained by both the polarization
alignment and the extinction ratio of the modulator.
The signal was subsequently coupled into an Erbium doped fiber amplifier (EDFA) in order to
improve the power budget before the launch into the fiber. Subsequently, fiber transmission was
performed through SSMF and non-zero dispersion shifted fiber (NZDSF). We detected the electrical
RF signal through photomixing at a 75 GHz bandwidth p-i-n photodiode ðPD1Þ. The variable optical
attenuator ðVOA1Þ was placed before the PD1 in order to control the power entering the PD1. After
Fig. 4. Laboratory setup for a fiber-wireless-fiber 60 GHz link. DFB-EAM: distributed feedback laser
integrated with an electro-absorption modulator, PPG: pulse pattern generator, MZM: Mach-Zehnder
modulator, LO: local oscillator, EDFA: Erbium doped fiber amplifier, HF PD: high frequency photodiode,
LNA: low noise amplifier, BPF: bandpass filter, VOA: variable optical attenuator, VEA: variable electrical
attenuator, PA: power amplifier, ED: envelope detector, BERT: bit error rate tester, CO: central office,
BS: base station, SSMF: standard single mode fiber, NZDSF: non-zero dispersion shifted fiber, MMF:
multimode fiber.
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photomixing, the 60 GHz RF signal was amplified with a 40 dB gain double-stage low noise
amplifier (LNA), passed through a bandpass filter and radiated with a horn antenna (þ25 dBi gain).
The spectrum of the modulated RF signal is depicted in Fig. 5 (right). The path loss for 4 m wireless
distance including the combined gain of antennas (50 dBi) is equal to approximately 31 dB which
was calculated using the Eq. (1) presented in Section 3. The equivalent omnidirectional path loss
(antenna gain is excluded) is equal to 81 dB.
After reception with an equivalent antenna, the signal was amplified with a 40 dB gain LNA. We
have then employed a variable electrical attenuator (VEA) and a power amplifier (PA) in order to
emulate the effect of the possible wireless distance extension on the system performance. The VEA
has been set to attenuate the signal by 18 dB throughout the measurements. The signal was then
filtered and the data signal were downconverted from RF into baseband at a zero-biased Schottky
diode serving as an envelope detector (ED). We refer the readers to [48] for a thorough study on
basic principles of Schottky diodes’ operation. Main advantage of the envelope detection technique
is that it allows performing the RF signal downconversion without using an RF LO and a phase
locked loop circuitry required for the synchronous mixing detection technique. Following the ED, the
signal was amplified to bring the peak-to-peak voltage level of the signal to a value required for
effective driving of the DFB-EAM2.
After the subsequent remodulation on the lightwave, the signal was passed through diverse types
of optical fiber. We have included multimode fiber (MMF) in a second span of fiber transmission in
order to address the fiber distribution in network connections where the metro/access delivery is
integrated with MMF-wired local area network (LAN) distribution. The baseband electrical data were
finally recovered with a 10 GHz bandwidth p-i-n PD. After amplification, it was fed to a BER tester
(BERT) for further signal quality evaluation.
5. Characterization of the SFDR
An SFDR measurement is needed in order to quantify performance of the RoF system in terms of
nonlinearities of link components, i.e. appearance of spurious harmonics of the RF signal that are
located in the bandwidth of data modulation and contribute to BER deterioration. The SFDR of the
system is the range between the smallest signal that can be transmitted and received by the
system and the largest signal that can be introduced into the system without creating distortions
above the noise floor after detection in the bandwidth of interest [49]. SFDR gives better system
performance estimate than maximum achievable SNR which is constrained by noise floor and
saturation only. Given that in order to extend the wireless link distance for outdoor scenarios we
need to improve the power budget, we have measured the SFDR including EDFA and increased
optical power into the PD.
In Fig. 6, we present the setup for measuring the SFDR of the modulation and upconversion block
in the system. We built the SFDR setup based on a part of the general setupVa link between the
CO and the BS1. The signal is then analyzed directly on the output of the PD.
Fig. 5. Optical spectra of the transmitted signal (left) and RF spectrum of the signal before radiation
(right).
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Two RF tones modulating the DFB-EAM were located at 2 GHz ðf1Þ and 2.1 GHz ðf2Þ RF
frequency; the fLO was set to 29.7 GHz. According to [49], third order intermodulation (IMD3)
components are expected to be located at 59:4 GHzþ 2 f1  f2 ¼ 57:5 GHz and 59:4 GHz þ
2 f2  f1 ¼ 57:2 GHz. Fig. 7 (left) shows the RF spectra including the original RF tones and IMD3
tones. The optical power at the PD was set to 5 dBm throughout the SFDR measurement. It should
be noted that the SFDR was measured for a transmitter including EDFA, which increases the noise
level at the PD, but gives characterization of the system suitable for extended optical and wireless
transmission.
Increasing RF power modulating the lightwave improves the SNR, however, the IMD3 distortion
is increasing at a faster rate than the signal. As seen in Fig. 7 (right), we achieved the SFDR value
of 73 dB-Hz2=3 that is comparable to results obtained by other authors who use similar frequencies
of two RF tones [50]. The obtained value of SFDR provides sufficient margin in terms of nonlinearity
and sets the limit on system’s scalability for a range of RF powers to be transmitted through the
optical fiber.
We have reported on SFDR of the system for increased shot noise (by setting the optical power
into the PD to +5 dBm) and included EDFA. EDFA deployment is reported to decrease the SFDR
value of the system [49], but it is a necessity in order to improve the power budget for fiber-wireless
reach extension. By setting maximum constraints to SFDR, we present the limit on the system
performance.
6. Results and Discussion
In this section, we describe the setup performance under a constraint of decreasing optical power
on the output of the second span of optical fiber transmission; at the same time, optical power
impinging the PD1 is kept constant at 7 dBm. The curve depicting the generated 60 GHz RF
power as a function of carrier suppression is measured to support the link budget discussion. The
phase noise performance of the photonically generated RF carrier is also analyzed including
Fig. 6. Laboratory setup for measuring SFDR. LNA: low noise amplifier, DFB-EAM: distributed feedback
laser integrated with electro absorption modulator, PC: polarization controller, LO: local oscillator, MZM:
Mach-Zehnder modulator, EDFA: Erbium doped fiber amplifier, PD: photodiode, ESA: electrical
spectrum analyzer.
Fig. 7. SFDR measurement for a chosen RF generation technique.
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measurements for different types of optical fiber in the first fiber transmission span. BER has been
used as a main criterion of system performance constrained by the values of optical power
impinging the PD2, the length of fiber and the wireless transmission distance.
First, we present the results with relaxed requirements for the first span of fiber transmission in
terms of dispersion in Fig. 8 (left). We transmit the signal back-to-back (B2B) or employ 5.5 km
NZDSF in the first fiber span of the setup and fiber of different lengths and types in the second span.
Fig. 8 (left) shows that deployment of SSMF and NZDSF in the second span of transmission
introduces no penalty compared to B2B case; however, in all three cases of fiber deployment (B2B,
SSMF, NZDSF) in the second span, we observed an error floor on BER performance at
approximately 108 level for 1 m of wireless distance. We suggest that the error floor is not related
to chromatic dispersion (CD) given that the distortion of 60 GHz RoF 1.25 Gbps data signal due to
CD can be considered negligible in 5.5 km NZDSF and absent in B2B transmission case. We
suggest that the error floor is therefore related to degradation of the SNR in the system and to the
modulation efficiency of the DFB-EAM2 which depends on the peak-to-peak voltage level of the
baseband electrical signal recovered with ED. Optical B2B curve for 4 m wireless distance in Fig. 8
(left) indicates that, by extending the wireless distance, we are improving the DFB-EAM2
modulation performance, and the error floor is avoided for extended wireless distances for the same
SNR before remodulation on the lightwave. We therefore conclude that presence of the error floor is
not related to performance of the wireless channel, i.e. only extension of the wireless distance, and
can be mitigated by installing an automatic level control circuit before remodulation on the
DFB-EAM2 to preserve high modulation efficiency and avoid overmodulation.
We then proceeded to emulate deployment of larger distances of fiber in the first span of
transmission. Fig. 8 (right) indicates that, when we deploy about 20 km of fiber in both spans, an
error floor is present at about a 106 level. Presence of an error floor is now related to CD impairing
the signal in the first span of transmission. When two sidebands are photomixed at the PD, the
signal suffers from intersymbol interference caused by a delay between the pulses transmitted on
upper and lower sidebands which is reported as a Fbit walk-off_ in [51]. However, the periodic
dispersion-induced RF power fading is eliminated when the optical carrier is suppressed [51]. For
both 1 m and 4 m wireless transmission cases employing fibers with different values of dispersion
(NZDSF, SSMF), we demonstrate BER performance well below the 2 103 limit corresponding to
a 7% FEC overhead. BER degradation due to the time shifting of the pulses in the upper and lower
sidebands in the first fiber span can be overcome by using a single sideband modulation or diverse
CD compensation techniques, however this would increase the setup complexity. Overall,
considering the original goal of building a simplified setup, the fact that the penalty is also related
to multiple noise sources, and the fact that the FEC is typically implemented in the 60 GHz links [4],
[6], we believe that our setup will be a suitable solution for simplified fiber-supported 60 GHz
picocell mobile backhaul links.
Fig. 8. BER as a function of optical power measured at the PD2 for B2B/5.5 km NZDSF (left) and
22.8 km SSMF (right) of fiber distance in the first span.
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We have investigated SSMF deployment interfaced with MMF (Fig. 8, right), an appropriate
scenario for this combination will be the interface between the access network deployed using
SSMF and LAN using MMF. Lightwave was centrally launched from SSMF into MMF which enables
mode filtering by exciting only a limited number of lower order modes in the MMF [52]. Intermodal
dispersion is thus mitigated because in this case coupling between high and low order modes is
reduced significantly. On the receiving side, MMF has been interfaced to the PD by a short
patchcord of SSMF (used 75 GHz bandwidth PD only had the SSMF interface) by using which we
recover the lowest-order mode ðLP01Þ which implies higher power loss on coupling from MMF to
SSMF.
RoF systems in general suffer from the high loss on O/E and E/O conversion due to the resistive
impedance matching being an issue at both the transmitter and the receiver. In Fig. 9, we depict
power of the 60 GHz RF signal as a function of the sideband-to-carrier suppression ratio which was
varied by applying a changing bias voltage. As depicted in Fig. 9, in our system, high power 30 GHz
RF signal (þ18 dBm) applied at the E/O conversion point is subsequently recovered after
photomixing as a 30 dBm 60 GHz RF signal for optimized value of 20 dB carrier suppression and
a fixed PD1 input optical power of 0 dBm. 1 dB reduction in optical power entering the PD will result
in 2 dB reduction in the 60 GHz RF power. Thus, at 7 dBm optical power entering the PD, RF at
the PD output will be equal to 44 dBm.
In order to extend the wireless link length from 4 m to 300 m of wireless distance, we have to
address the necessary provision of 42 dB power margin compared to the link budget of 4 m wireless
distance as calculated in Section 3. There are few generally applied techniques to improve the
electrical link budget and increase the wireless transmission distance. First, a common technique is
to use antennas of higher gain. For V-band, antennas of 42 dBi gain are commercially available
which may simultaneously add 34 dB to a power budget of the link. Second, the link distance can be
extended through amplification. VEA-PA combination that we employ at the BS2 may be adjusted to
bring the additional 18 dB power without introduction of noise by setting the VEA attenuation to 0.
The noise figure of the PA is already a part of the link impairments. Depending on link design, PA
might be also offset to the transmitting side. These two methods combined bring a gain of 52 dB to
the link that surpasses the required margin of 42 dB. However, it must be taken into account for the
link design that, when employing a higher gain antenna, the Fraunhofer distance will increase. For a
commercially available lens horn antenna of 42 dBi gain with a diameter of 0.25 m, the Fraunhofer
distance is equal to 25 m.
In this work, we study transmission of the OOK signals. However, transparency for higher order
modulation formats is an important design criterion for RoF links. High performance of the RF
oscillator in terms of phase noise is required to enable such transparency. DSB-SC RoF setups are
known to have an excellent performance in terms of phase noise because the sidebands are
produced by the same laser source and thus are correlated with each other. We depict the phase
Fig. 9. 60 GHz RF power on the PD output as a function of carrier suppression of the DSB-SC signal.
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noise performance of the 60 GHz signal before radiation in Fig. 10. We observe a negligible
difference in the RF phase noise for generation of the signals that employ different types of fiber
benchmarked against B2B optical transmission with the phase noise approximately equal to
85 dBc/Hz at a 100 kHz offset. We conclude that fiber transmission in our setup does not
deteriorate the RF phase noise performance. The setup performance is therefore constrained with
the phase noise degradation due to multiplication only [53]. In order to enable the higher spectral and
power efficiency modulation formats, synchronous downconversion of the RF-modulated signal has
to be performed such as in [20] and [54].
7. Conclusion
We experimentally demonstrate the 60 GHz fiber-wireless-fiber communication system enabling the
Gigabit picocell mobile backhaul links. Suitability of the proposed approach to diverse fiber
deployment scenarios has been assessed. BER performance below the 7% overhead FEC limit is
reached for 1.25 Gbps data signals transmission through up to 4 m wireless distance and up to
20 km of SSMF interfacing transmitting and receiving 60 GHz BSs. We simplify the system through
the use of the integrated DFB-EAMmodule in both fiber spans of transmission. The system is further
simplified through the use of the ED RF detection technique achieving passive downconversion and
eliminating the need for the design of synchronization hardware. 73 dB-Hz2=3 SFDR is reported when
the EDFA is included as a part of an optical transmitter. Phase noise performance indicates high
potential of the system for transmission of advanced modulation formats. Future work is directed
towards combating the error floor in the system which will include the fiber-wireless-fiber
transmission when RF is generated through photomixing of lightwaves produced by two free
running lasers. We suggest that the work can be extended by direct comparison of experimental
performance of V- and E-band systems and the SFDR measurement for the link including fiber
transmission.
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